of Cell]). Furthermore, in Aplysia, the neuronal CPEB is causally involved in maintaining long-term synaptic facilitation (Si et al, 2003) .
ronal CPEB can confer upon another protein, the glucoquist, 2000), we fused the N-terminal domain of CPEB to a constitutively active variant of the rat glucocorticoid corticoid receptor, a self-perpetuating change in state with the hallmarks of a yeast prion. Moreover, full-length receptor (GR 526 ), a transcription factor ( Figure 1B) . A ␤-galactosidase gene under the control of a GR re-CPEB itself has prion-like properties, and surprisingly the prion form of the protein is the more active form of sponse element provided a convenient blue-white colony color assay for GR activity: blue when the protein the protein. Although we lack direct evidence that the protein exists in a prion-like state in Aplysia, our findings is active and white when the protein is inactive. Most cells expressing CPEBQ-GR 526 were blue and remained suggest a mechanism by which a prion-like state of CPEB could selectively sustain an altered rate of translablue from generation to generation ( Figure 1B ), indicating that the CPEBQ fusion did not impair the transcription locally, at some synapses and not at others, and thereby contribute to the long-term maintenance of a tional activity of GR
526
. As is the case for most yeast prions and for the NM-GR fusion (Li and Lindquist, 2000), self-sustaining synapse-specific plastic change.
the CPEBQ-GR activity had a metastable character. Blue colonies gave rise to white colonies with a freResults
quency (10

Ϫ5
) that is higher than the typical rate of spontaneous mutation (10 Ϫ6 ). These white colonies continued The Prion-Like Region of CPEB Produces Distinct to give rise to white colonies upon restreaking for generHeritable Functional States ation after generation, but occasionally gave rise to blue The amino-terminal end of Aplysia CPEB has an unusual colonies again ( Figure 1B ). In contrast, GR 526 alone rarely amino acid composition. The N-terminal 160 amino (10 Ϫ6 ) produced white colonies, and when it did, they acids of 44 randomly selected Aplysia proteins have an never reverted to blue colonies again. of CPEBQ-GR 526 were associated with distinct physical states of the protein, we examined the sedimentation One test of a prion determinant is the ability to confer upon another protein, to which it is fused, a capacity to behavior and resistance to protease digestion of the two functional states (Figure 2A Figure 1D ) consistent with the expression of an the recruitment of the polyadenylation machinery via its hr ( Figure 3B1 ). Although the constructs produced very different levels of ␤-galactosidase activity, they prointeraction with cleavage and polyadenylation specificity factor, CPSF160. There is no known homolog of duced the same levels of RNA at steady state (Supplemental Figure S3 available on Cell website). The poor CPEB in yeast. However, the components of the core polyadenylation machinery in yeast (including CPSF160) translation of the ␤-gal RNA containing CPE indicates that the 78 nucleotides of cyclin B1 mRNA acts to make are functionally and structurally homologous to those of mammalian cells (Shatkin and Manley, 2000) . In view the ␤-gal mRNA translationally dormant. This poor translation could be due to the binding of some endogenous of this structural and functional similarity between the yeast and mammalian polyadenylation machinery, we yeast protein to the U-rich sequence of cyclin B1 3Ј UTR or to the formation of stable secondary structures at the reasoned that ectopically expressed CPEB might recruit the polyadenylation machinery, which in turn could 3Ј end of the mRNA. When cells containing ␤-gal-CPE mRNA were cotranslationally activate mRNAs containing a CPE.
We therefore made a reporter construct for CPEB transformed with a plasmid encoding Aplysia CPEB, 21% of the colonies turned blue in 2 days (228 in 1091 activity by fusing a 78 nucleotide fragment from the 3Ј UTR of Xenopus cyclinB1 mRNA to the 3Ј end of transformants; Figure 3B3 ), as would be expected if the protein can enter into stable alternative functional ␤-galactosidase mRNA (␤-gal-CPE, Figure 3A ). This 78 nucleotide fragment contains a canonical CPE motif, states. Blue colonies gave rise to blue colonies upon restreaking and white gave rise to white. Several con-UUUUUAAU, and a polyadenylation element AAUAAA that is sufficient for CPEB-dependent polyadenylation trols demonstrated that the translation of the ␤-gal-CPE mRNA in blue colonies depended upon CPEB activity. (de Moor and Richter, 1999). When ␤-gal-CPE RNA was expressed from a single-copy plasmid under a constituCotransformation with an empty plasmid or one expressing the unrelated yeast protein, Ade1p, produced tive GPD promoter, colonies remained white on plates containing X-Gal (one blue colony appeared in 5376 no blue colonies in 2340 and 2136 transformants, respectively (Supplemental Figure S3 available on Cell transformants after 2 days; Figure 3B2 ). ␤-galactosidase activity in these cell extracts was very low. In contrast website). Even a plasmid expressing the neuronal isoform of another Aplysia RNA binding protein, Staufen, when we replaced the 78 nucleotide cyclin B1 sequence with other sequences of varying lengths and nucleotide very rarely gave rise to blue colonies (3 in 2821 transformants). Finally, when two conserved residues Cys664 composition, the transformants turned blue within 10-12 S-methionine-labeled Aplysia CPEB ( Figure 3C ). Moreover, when we incubated expressing full-length CPEB were metastable, but heri- Figure 5A ). This fusion did not interfere with the CPEB activity: cells expressing the fusion protein gave rise to both blue and white cells when they were cotransformed with the ␤Gal-CPE construct. When we analyzed the fluorescence of ApCPEB-cpEGFP fusion protein in white cells we noticed a diffused fluorescence, similar to the pattern observed for GFP alone ( Figure  5A ). In contrast in blue cells (in 48 out of 580 cells) there was a striking coalescence of the GFP fluorescence. Moreover, the soluble and aggregated states of the fusion protein seem to be heritable, because the majority of the daughter cells have the same soluble or aggregated state as the mother.
Similar levels of CPEB were detected in total proteins from blue and white colonies by immunoblotting, but the signals were weak (due to low protein concentrations) and insufficient for further analysis. In an attempt to enrich the protein for other assays, we introduced a 3ϫ FLAG tag at the C-terminal end of Aplysia CPEB. Tagged CPEB behaved like untagged CPEB in vivo in its ability to form blue and white colonies. Surprisingly, when lysates were passed over an anti-FLAG affinity column, the CPEB-FLAG protein from white colonies but not blue colonies was retained on the column ( Figure  5C ). Similar results were obtained in the presence of 1% Triton X-100, a detergent that disrupts many protein complexes, but allows efficient binding of anti-FLAG antibody to FLAG tagged proteins. In contrast when FLAG-tagged CPEB was purified by cation-exchange chromatography, similar quantities were obtained from both cell types ( Figure 5D ). Thus, the CPEB protein in W303␣ cells, the diploid cells were blue on X-Gal plates. Thus, unlike CPEBQ-GR, the active form of the fullNotably, the expression levels of ␤-gal-CPE mRNA and the levels of both CPEB mRNA and protein were the length CPEB is dominant. This might indicate that the CPEB protein is not capable of producing a transmissisame in blue and white colonies (Figures 4B and 5D) . Moreover, the specific activity of the ␤-galactosidase in ble prion-like state or that, unlike CPEBQ-GR and other (Figure 6A) . Indeed, when plated onto X-Gal plates 33% of conjugation with MAT␣ strains but is unable to fuse its nucleus with that of its mating partners. As a result, the cytoductants turned blue (8 out of 23). The cytoduction of the blue state was specific; when we used blue organelles are mixed and cytoplasmic proteins from the two cells come into contact with each other, but haploid cells derived from the full-length Drosophila neuronal CPEB as a donor, all of the cytoductants remained white progeny that bud from the mating pair contain nuclear information from just one of the parents. We used blue after three days in X-Gal containing plates (0 out of 30). This is consistent with well-documented "species W303␣ (His ϩ ) cells expressing ApCPEB and ␤-gal-CPE barrier", wherein a prion from one species either is not resulting RNA protein complexes under nondenaturing capable or very inefficient in introducing conformational conditions. Aplysia CPEB did not bind RNA when the change into a prion from another species. To control for soluble protein was recovered from E. coli (data not the unlikely possibility that the small quantity of ␤-galactoshown), nor when it was produced by in vitro translation sidase enzyme transferred in the cytoduction would be in reticulocyte lysates (Supplemental Figure S4A avail Figure 7A ). Under the same conditions of denaturation to selectively bind RNAs containing CPEs in vitro. To and dialysis in urea, the developmental isoform of mouse do so, we incubated them with a radiolabeled 300 ntd CPEB (mCPEB1) did not bind to the actin RNA. The long RNA derived from the 3Ј UTR of Aplysia neuronal actin (Si et al., 2003) and resolved by electrophoresis the interaction with Aplysia CPEB aggregates was specific: lished white transformants, cells expressing full-length and Supplemental Data available on Cell website for CPEB gave rise to blue colonies at a frequency of 0.4%. additional controls). Taken together these results sugCells expressing N terminally truncated CPEB gave rise gest that like other CPEBs Aplysia neuronal CPEB binds to blue colonies much less frequently (0.046%). Starting to CPE containing RNAs. However, its RNA binding acwith established blue colonies, full-length CPEB gave tivity depends on a physical state of the protein that rise to white colonies at a frequency of 0.55% (29 white promotes the formation of multimeric structures and is colonies versus 5252 blue colonies). N terminally deleted consistent with the idea that it is the self-perpetuating CPEB gave rise to white colonies much more frequently state of the protein that is the active form of the protein.
(10.2%; 584 white colonies versus 5725 blue colonies). Moreover, when we used an N terminally truncated The Prion-Like Determinant of CPEB Promotes CPEB as the donor in our cytoduction assay, it failed the Active State of the Protein to confer the blue phenotype into the full-length protein One explanation for the difference between the CPEBQ-( Figure 6B ). Thus, even without the N-terminal domain, GR fusion protein (in which the prion state inactivates Aplysia CPEB can activate an mRNA containing CPEs GR) and full-length CPEB (in which the prion state acand can assume alternative active states. However, the tives CPEB) is that the prion domain promotes the same N-terminal domain increases the rate at which CPEB type of self-perpetuating change in state in both proassumes the active heritable state and, once active, the teins, but it has a different biological consequence in N-terminal domain helps to maintain the protein in the its native context. If the C-terminal region of CPEB has active state and to transmit this state to the rest of the protein. a relatively weak or unstable capacity to activate CPE- Figure 8B ). An Hsp104 deletion had very modest effect ( Figure 8C ). However, the been characterized to date, the self-perpetuating prion state is biochemically inactive. By contrast, the domiHsp104 deletion had a significant affect on the N terminally truncated CPEB (Supplemental Figure S5 Although we lack direct evidence in neurons we specleu2-3.12; ura3-1; can1-10,); A3224 (W303a; ade2-1; his3-11.15; leu2-3.12; trp1-1; ura3-1; can1-100; hso104:kanMX4); A3933 (W303a;
ulate that CPEB has at least two conformational states:
ade2-1; his3-11.15; leu2-3.12; trp1-1; ura3-1; can 1-100; ⌬hsp82). 
1997).
3ϫ FLAG Purification containing 100 mM KCl, 10 mM Na-HEPES (7.6), 5 mM DTT, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 5% glycerol, 0.1 mg/ml BSA and 50 g/ml E. Total cell lysates were prepared from 200 ml of O/N culture in the FLAG buffer containing 50 mM Tris-HCl (7.5), 150 mM NaCl, 1 mM coli t-RNA. The reaction mixture was incubated at room temperature for 20 min and 1 l of 50 mg/ml Na-Heparin was added. After incubat-EDTA, 1% Triton X-100, and protease inhibitors. Cell lysates were cleared by centrifugation twice at 15,000 ϫ g for 15 min and 1 mg ing for additional 10 min at room temperature, the 4 l of RNA gel loading buffer was added into the reaction and loaded into a 4% of total protein incubated with FLAG M2-agarose beads for 6 hr at 4ЊC. The beads were washed 3ϫ with FLAG buffer and the bound polyacrylamide (37.5:1), 0.5ϫ TBE gel and run at room temperature at 150 mV for 30 min and subsequently at 200 mV until xylene cyanol material was eluted with 150 l of FLAG buffer containing 20 g of FLAG peptide. 30 l of the eluate was run on an 8% SDS-PAGE gel was at the bottom of the gel. Following electrophoresis, the gel was dried and exposed to autoradiographic films. and blotted with either a 1:500 dilution of affinity-purified ApCPEB77 or a 1:500 dilution of the anti-FLAG polyclonal antibody (Sigma).
